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Abstract
To achieve perceptual match between a flashed target and a gradually changing one, the flashed target should have the feature
value corresponding to the value to be obtained by the gradually changing target only later. Flashed target should be positioned
ahead of the continuously moving one in order to be perceived as aligned (Nijhawan (1994). Nature, 370, 256–257); with
continuously changing colour, spatial frequency, pattern entropy or luminance, the flashed target should have feature value which
changing target obtains only later (Sheth, Nijhawan, & Shimojo (2000). Nature Neuroscience, 3, 489–495). It was found that
flash-lag effect is present even if the continuously accumulating pre- and post-target input consists in spatially and featurally
invariant stimulation. The perceptual precedence of the target in stream over its synchronous single-flashed replica may result
from perceptual acceleration where newly arriving visual signals are facilitated by the locally preceding stimulation. © 2001
Elsevier Science Ltd. All rights reserved.
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1. Introduction
In the visual environment, some objects are invariant
and some change in a continuous fashion. Yet the
visual system should represent both of them and their
interrelations with high enough precision so as to be
adaptively expedient. However, as demonstrated in a
group of studies, feature values of continuously chang-
ing objects lead feature values of briefly flashed objects
in explicit perception. In the flash-lag effect, a station-
ary object that is briefly flashed at some point of the
real trajectory of a continuously moving object appears
to lag behind it (Nijhawan, 1994). It has been shown
that the effect is present also if the flashed object is in
motion (Hecht, 1924; Bachmann & Kalev, 1997;
Krekelberg & Lappe, 1999). Theories that explain flash-
lag as a result of differential visual latency to moving
and stationary stimuli (Purushothaman, Patel, Bedell,
& O8 gmen, 1998; Whitney & Murakami, 1998; Whitney,
Murakami, & Cavanagh, 2000) are not sufficient; nei-
ther is sufficient the theory of extrapolation (Nijhawan,
1994) which suggests that the continuously moving
object is perceptually shifted forward along the ex-
pected trajectory of motion. Moreover, the extent of
the flash-lag effect varies despite of identical pre-flash
trajectories of the continuously moving object that
changes its trajectory only after the flash (Eagleman &
Sejnowski, 2000). The velocity of the continuously
moving object as measured after the flash (rather than
before it) is crucial in determining the magnitude of the
effect (Brenner & Smeets, 2000).
As the flash-lag effect has been found also with other
continuously changing features such as colour, lumi-
nance, spatial frequency and pattern entropy (Sheth,
Nijhawan, & Shimojo, 2000) then its origins must be of
a more general nature. For all features, continuously
changing objects lead the flashed one. Yet it is not clear
if the change in feature space is necessary in order to
create the flash-lag effect. In the studies conducted so
far the factors of change in feature value and mere
accumulation of sensory input from continuously pre-
sented, potentially invariant object(s) have been con-
founded. The experiments were conducted in order to
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test if feature change is needed at all. It was hypothe-
sised that even if the accumulating presentations dis-
play an invariant object, there will be apparent
temporal lag of the single flashed object vis-a`-vis its
replica that is presented within the continuously accu-
mulating sensory input. In order to be perceived as
matching or being aligned to the target from within a
continuously presented array, the flashed target should
be presented before its replica-in-stream. If the hypoth-
esis is correct, the answer to the question about the
mechanism(s) of the flash-lag effect should be sought
for among the reasons explaining why accumulation of
sensory input, irrespective of any change in location or
feature space, is capable of causing this effect.
2. Materials and methods
Stimuli were presented on a computer screen at 60
Hz at a distance of 60 cm in a dimly lit room. They
were drawn as dark letters on light background which
was kept at maximum brightness throughout the exper-
iments. On each trial, a capital letter I was repeatedly (4
times, 33 ms each) presented at an invariant location
either to the left or right of fixation as a continuous
stream. Each successive exposure was separated by an
empty inter-stimulus interval of 16.7 ms. Capital letter
Z, a target, was flashed for 33 ms within this stream,
spatially overlapping with Is. The target was presented
at a temporally and spatially unpredictable position
(pos-s 1–5, left or right of fixation). The full cycle,
therefore, lasted for 14 video frames (234 ms). In each
trial, another instance of target was presented to the
opposite side of fixation at a temporal position unpre-
dictable for the subjects. These single-flashed Zs (also
with 33 ms duration) were temporally shifted by 4,
2, 0, 2, or 4 video frames from the temporal
position of the Z in the stream (single video frame
duration 16.7 ms). (see Fig. 1) The size of the stimuli
was equal to 0.76° (vertical dimension) and the distance
of the stimuli from central fixation was 0.76°.
The task of the subjects was to decide whether the
target to the left or right of fixation appeared first (i.e.
before its replica). Number of responses where the
target Z within a stream of accumulating Is was per-
ceived as appearing before the flashed, single Z was the
dependent measure. Equal share (50%) of left or right
decisions specifies the conditions that lead to perceptual
simultaneity. For the flash-lag effect to be present, the
50% point of the psychometric curve must fall on some
negative stimulus onset asynchrony (SOA) between the
flashed-in-stream and single-flashed, targets. It is be-
cause in order to be perceived as simultaneous with the
target in stream, a single-flashed target should be pre-
sented a bit earlier so as to compensate for the flash-lag
delay. If one observes no flash-lag effect, then it can be
concluded that change in location or feature space
values of the accumulating input may be necessary for
the flash-lag effect. If the effect will nevertheless emerge
with the spatial and featural setup of the stimuli
adopted here, then change is not necessary.
3. Results
The results support the hypothesis: in spite that the
continuously accumulating input is invariant with re-
gard to any feature space values and spatial location, a
target item exposed within the stream is perceived to
appear earlier than its synchronous single-flash replica
(negative SOA values corresponding to the 50% point
of the psychometric curves for positions 2–5, Fig. 2A).
The only exception to this rule is the first item in the
stream, actually the only item with no precedence of
input signals at its location. Faster processing of the
item-in-stream for visual awareness obtains gradually
with accumulating input, even if this input does not
signal motion (Fig. 2B). At the first ordinal position in
the stream (the leftmost disc, Fig. 2B) the target item is
perceived as lagging behind the synchronous single-
flashed item. The respective psychometric curve is
shifted to the right of the disc by about 33 ms, Fig.
2B. For the target at the second position the magnitude
of the effect is about 15 ms, for the target at the
third position — about 34 ms, and for the target at
Fig. 1. An example of the spatiotemporal arrangement of the stimuli.
The principal arrangement: target Z is presented both at one of the
five temporal positions within the spatially overlapping stream of four
Is and to the opposite side of fixation, the latter as a single-flashed
replica of the target-in-stream. The temporal position of each ex-
pected target was unknown to the subjects. From trial to trial,
temporal position of the single target Z relative to its counterpart in
the stream was varied randomly between the inter-target asynchronies
equal to 4, 2, 0, 2, or 4 video frames. The stream appeared
unpredictably either to the left or right of central fixation point, with
single-item target always appearing to the opposite side of fixation
from the target-in-stream. (In the example, the target-in-stream pre-
sented to the left of fixation occupies 3rd temporal position and the
single-flashed target actually precedes it, being presented to the right
of fixation.) All targets were visible at all temporal positions (no
masking to invisibility was observed).
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Fig. 2. Percent of trials where the target item (Z) in a stream of
invariant Is was perceived as leading its replica that was presented as
a single flash. (A) Psychometric functions showing perceived relative
temporal position of the target-in-stream averaged over five SOAs
between the items in stream (50, 67, 84, 100, 117 ms) and three
subjects (E.P., T.B., K.T.). The ordinal position of the target item in
stream is the parameter (see five functions); objective temporal shift
of the single target item with regard to the iteim-in-stream on the
abscissa. As soon as target is preceded by some other stimulus (-li) in
the stream (functions 2–5), flash-lag effect emerges. (Data from 4500
trials, 1500 per subject.) (B) Psychometric functions for the perceived
relative temporal position of the item-in-stream with SOA50 ms,
averaged for three subjects (T.B., E.P., K.T.); abscissa: common
arbitrary time axis for all stimuli. Temporal positions of the succes-
sive stimuli drawn as solid discs. The observed temporal lead of the
item-in-stream (measured at 50% ‘before’ responses) increases from
33 ms (compare function 1 vis-a`-vis the leftmost disc) up to 54
ms (compare function 4 vis-a`-vis the 4th disc) within first 100–140 ms
from the beginning of the cycle. No further increase in the value of
the lead is observed thereafter. (Data from 4200 trials, 1400 per
subject.)
4. Discussion
The results show that extrapolation of motion, spa-
tial excursion of the stimulus, or changing feature val-
ues in feature space are not necessarily responsible for
the flash-lag effect. The precedence of sensory input
from the location of a stimulus or its immediate vicinity
is sufficient in order to facilitate the processing of this
stimulus. (Notice that although overlapping with I, Z is
different from it, therefore both overlap and:or adja-
cency may support the effect.) With continuously accu-
mulating input, the preceding instances of the spatially
close sensory signals, whether spatially invariant or not,
may be considered as proactive facilitators of the pro-
cessing of the following signals. Whereas the first item
in stream has no local precedence, it is not facilitated.
Actually, for the first item in stream, a flash-lead effect
was observed instead of flash-lag. Backward masking of
the first item by the following items may actually slow
down its perception. Whereas the single-flashed item is
not backward-masked, its signals are processed faster
than the signals of the masked, first item in stream,
however, slower than the signals of later items in
stream that are proactively facilitated by the preceding
input. Proactive facilitation outweighs the masking ef-
fect at later positions. Somewhat similarly, Kirschfeld
and Kammer (2000) have also suggested a combination
of masking plus facilitation, account, however using the
notion of attention instead of thalamic facilitation.
Facilitation accumulates gradually with accumulating
preceding input and maximises at some point in time.
Similar effects of proactive facilitation have been found
in the conditions of successively paired presentations
(Bachmann, 1988, 1989; Klotz & Wolff, 1995; Ziebell &
Nothdurft, 1999) and accumulating streams of input
with spatial change (Eagleman & Sejnowski, 2000;
Kirschfeld & Kammer, 2000).
It is believed the explanation of acceleration can be
based on the perceptual facilitation (‘retouch’) mecha-
nism (Bachmann, 1999) assuming that any presented
sensory item evokes two distinct processes: (1) fast and
specific encoding of its sensory features in cortical
modules; and (2) slower, nonspecific-thalamic modula-
tion that converges slowly (i.e. within 100–150 ms) at
the specific neurons (cf. (1) above) and facilitates their
activity, including the speed with which respective neu-
rons start firing, increase their firing rate and:or estab-
lish a fully functional re-entrant process. The process
(2) is known to be necessary for explicit representation
(see Bachmann, 1999, for review). As receptive fields of
the nonspecific modulator can be shared between the
input from featurally different, however, spatially over-
lapping or adjacent stimuli (Purpura, 1970; Brooks &
Jung, 1973), then the preceding input is capable of
speeding up the processing of the following sensory
input even if these inputs are featurally dissimilar or
the fourth position — about 54 ms. The flash-lag
effect where the item-in-stream becomes perceived ear-
lier than the single-flashed item becomes maximised at
the temporal position of the 7th–8th video frame. This
is after 117–134 ms from the beginning of the full cycle.
One infers the acceleration of explicit visual perception
of sensory input after the initial appearance of an
object regardless of the (non)change of that object in
feature space or spatial position. Acceleration takes
place approximately within the first 100–140 ms of the
stimulation onset.
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differ slightly in spatial location. Flash-lag stimuli sat-
isfy these specifications. Items exposed in the continu-
ous stream at some later positions receive proactive
facilitation by nonspecific thalamus set in motion by
the preceding, spatially overlapping or adjacent, stim-
ulation. However, items exposed in isolation have to
wait until the modulation process takes its effect. An
alternative explanation assumes that as the item in
stream may be more difficult to detect, more atten-
tional resources have to be directed to that location
where perception is therefore facilitated. Yet, if this
were true, it would be difficult to understand why
there is facilitation already for the second item in
stream (the ‘stream’ is defined only after at least two
items have been presented).
Flash-lag effect is obtainable also in the flash-ini-
tiated conditions where featurally changing items are
presented only in the stream subsequent to the flash
(Khurana & Nijhawan, 1995; Eagleman & Sejnowski,
2000). In the flash-initiated cycle, single-flashed item
is presented at the beginning of the exposure of the
continuous stream. Both flashed- and item-in-stream
await to be upgraded to visibility by modulation and
their signals accelerated. For the flashed item, the de-
layed process (2) will be applied to the unchanged
specific contents of the stimulus in sensory memory.
For the itetm-in-stream, the slow modulation process
is applied to the specific neurons at the moment when
the specific contents of the following signal(s) become
rapidly represented by (1). Therefore, with changing
values of feature space or localisation, the flash-lag
effect will be there, specified in terms of feature dif-
ference between the invariant flashed object and con-
tinuously changing feature values of the featurally
variable object(s). In case of invariant replicas of the
continuously accumulating input, the flash-initiated
conditions may not reveal the flash-lag phenomenon
because the same invariant feature values are input at
the moment when temporally delayed modulation ar-
rives.
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